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Microplastic Lens Array Fabricated by a
Hot Intrusion Process

Li-Wei Pan, Member, IEEE, Xinjiang Shen, and Liwei Lin, Member, IEEE, Member, ASME

Abstract—A microplastic lens array has been successfully con-
structed on top of a 500- m-thick PC (Polycarbonate film) by
using a micro hot intrusion process. A single-layer LIGA process
is used to fabricate the high-aspect-ratio nickel mold insert that
has circular hole patterns of 80 m in diameter and 200 m in
depth. Under the hot intrusion process, plastic material can be
intruded into these circular-shape holes and stopped at desired
depth under elevated temperature and pressure to fabricate
microlenses. By adjusting the embossing load, temperature and
time, the curvature and height of the lens are controllable when
the same mold insert is used. The optical properties of these
microlenses have been characterized and the average radius
of curvature is found as 41.4 m with a standard deviation of
1.05 m. Experimental characterization and theoretical model are
conducted and developed for the micro-intrusion process in terms
of the radius of curvature and height of the lenses and they corre-
spond well with experimental data within 5% of variations. The
focusing capability of the lenses is demonstrated by comparing
the images of laser light with and without using the lenses. When
the projection screen is placed 200 m away from the lens, the
full-width at half-maximum (FWHM) for the lens is 110 m while
the original FWHM of the optical fiber is 300 m. [1201]

Index Terms—Contactless, microintrustion, microlens, lens.

NOMENCLATURE

T Temperature.
f Focal length.
f/# f-number.
t Time.
h Height.
R Radius of curvature.
n Reflection index.
D Diameter of the circular opening.
C Constant.
G Universal gas constant.

Activation energy.
P Pressure

Contact angle.

Subscript:
air Air.
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p Plastic.
R Curvature.
M Focus at M.
L Focus at L.

Microlens apex to the top surface of mold insert steady-
steady state.

I. INTRODUCTION

M ICROLENSES are key elements in optical microsys-
tems and the majority of them are made of plastic ma-

terials in common MEMS (Microelectromechanical Systems)
applications. Previously, attempts were made to fabricate three-
dimensional (3-D) lenses with different micromachining tech-
niques, including lithographic methods [1], [2], reflow of pho-
toresist [3] and isotropic etching of silicon as mold inserts for
the plastic molding processes [4], [5]. Surface roughness and
the controllability of radius of curvature of the microlens are
two major engineering challenges. Particularly, both the litho-
graphic method and reflow of the photoresist could be difficult
to control such that the curvature of the lens may vary on the
same wafer and from one process run to another. On the other
hand, the conventional plastic molding process might have prob-
lems in the flatness control of the lens surface due to possible
defects on the mold inserts. In practice, the resist reflow process
can control the lens height on the order of 2–4% across a large
array [6] and others also report excellent results from various
manufacturing methodologies [7]–[9].

This paper introduces a micro-intrusion process that has been
developed and modified from a microhot-embossing process
[10]–[12] as an alternative way to make plastic microlenses.
By adjusting the processing temperature, pressure and time,
the radius of curvature and height of the microlens could be
controlled. Furthermore, the top hemispherical portion of the
microlens is naturally constructed by the intrusion of plastic
material without touching any mechanical parts. Therefore,
microlens with fine surface and desirable radius of curvature
can be fabricated for optical applications.

II. THE MICRO INTRUSION PROCESS

The process flow of the micro intrusion process is illustrated
in Fig. 1. First, a standard LIGA process is used to make the
mold inserts. In the prototype demonstration, these molds are
provided by MCNC [13] to make nickel mold insert with cir-
cular openings of 80 m in diameter and of the depth of the
mold insert is 200 m. A sheet of PC (Polycarbonate) film of
500 m in thickness is placed underneath the mold insert as
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Fig. 1. Fabrication sequences of the microhot intrusion process: (a) mold insert
and polycarbonate film, (b) microhot intrusion under elevated temperature and
pressure, (c) release of the silicon substrate if an LIGA mold insert is used, and
(d) release of plastic lenses.

Fig. 2. The temperature and time sequence during the micro-intrusion process.
T is the room temperature,T is the demolding temperature, andT is the hot
intrusion process temperature. Before t , a preload is applied. Between t and
t , the intrusion of plastic material occurs. After t , the external pressure is still
applied in the demolding process.

shown in Fig. 1(a). They are pressed firmly at an elevated tem-
perature that is higher than the glass transition temperature of
the PC film (140 C to 150 C). When an adequate pressure is
applied, the plastic material deforms and intrudes into the cir-
cular openings as shown in Fig. 1(b). At the end of the process,
the silicon substrate that comes with the LIGA mold insert can
be released by etching the seed layer on the LIGA substrate as
illustrated in Fig. 1(c) for further processing or the plastic mi-
crolenses can be demolded as shown in Fig. 1(d).

Fig. 2 shows the temperature and processing time sequences
at various steps of the process. The temperature is first raised
from room temperature, , to a desired processing tempera-
ture, , which should be higher than the glass transition point
of the plastic material. The heating rate is about 10 C per
minute in this prototype demonstration. During this step, a small
force of 100 Newton (about 0.1 MPa of pressure on a molding

Fig. 3. SEM of the microlens (from the 80 �m in diameter mold insert) array
with the nickel mold insert at the completion of step (c) in Fig. 1.

Fig. 4. The close view of Fig. 3 showing a single microlens (from the 80 �m
in diameter mold insert) with the nickel mold insert still in tact.

area of 1 cm ) is applied to maintain the contact between the
PC film and nickel mold insert. The load and temperature are
then kept constant for about 20 min when as marked in Fig. 2
is reached. At this moment, the processing load (0.3 MPa to
1.3 MPa) is applied and held for 20 min until is reached. This
is the most crucial stage that plastic material flows and intrudes
inside the nickel mold insert to microlenses are formed. The
temperature is then reduced to a demolding temperature, ,
which is set at 80 C and the cooling rate is set at 4 C/minute.
It is desirable to keep this cooling rate as slow as possible to re-
duce thermal stresses. The processing load should be kept on the
samples during this cooling step to reduce possible shrinkage of
PC film. When the temperature reaches, , as marked as in
the time axis in Fig. 2, the samples are taken out of the machine
and the micro-intrusion process is completed.

Fig. 3 shows the fabricated microlens array with nickel mold
insert after they are released from the silicon substrate. In this
case, the nickel mold insert is still intact and the separation dis-
tance between the edges of two lenses is 40 m. A close view
scanned electron micrograph (SEM) in Fig. 4 shows that the
sidewall of the nickel mold insert is actually pretty rough as the
result of the electroplating process [13]. However, the naturally
formed lens surface on the top is smooth as shown. Our pre-
vious characterizations on hot embossed microstructures using
AFM (Atomic Force Microscope) indicate that the average sur-
face roughness of hot embossed polymer structures is 1–4 nm
[14] and would qualify for optical applications. A wholly de-
molded microlens can be seen in Fig. 5, where a tiny trace along
the interface of the lens and the cylindrical column is identified.
This imperfection line is probably caused by the intersection of
the intruded plastic material and the rough nickel mold insert
during the micro intrusion process.
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Fig. 5. SEM of a microlens (from the 80 �m in diameter mold insert) after the
demolding process representing the completion of step (d) in Fig. 1.

Fig. 6. The schematic diagram showing the scheme to measure radius of
curvature of microlenses by measuring foci from both top and bottom light
sources.

III. EXPERIMENTAL CHARACTERIZATIONS

A. Radius of Curvature of the Microlenses

In order to characterize the optical properties of the mi-
crolenses, a microscope that has dual light sources from both
the top and bottom of the sample (coated with a thin gold layer
for SEM) is used to find the two foci as illustrated in Fig. 6
with corresponding parameters. When the light is emitting from
the top and reflected, a focus can be found at a position inside
the plastic microlens. A focus/defocus scheme (focusing on
the focal point of the microlens first, and then focusing on the
top surface of the nickel mold insert, and noting the distance
from these two positions from the scale reading on the optical
microscope) is used to measure the distance, , between the
top surface of the nickel insert and the focus, (M). When the
light is emitting from the bottom of the microlens, a focus can
be observed above of the lens and is denoted as (L), as shown in
Fig. 6. The same focus/defocus measurement scheme is applied
to determine the distance, , between the top surface of the

nickel mold insert and the focus. Two fundamental optical and
geometrical equations [15], [16] are derived

(1)

(2)

As illustrated in Fig. 6, is the radius of curvature of the mi-
crolens, is the distance between the microlens apex and the
top surface of the nickel mold insert. is the diameter of the
circular opening on the nickel mold insert, and and are
the refractive index of air and the PC film, respectively.

The two unknowns, and can be solved by the above two
equations and the lens curvature can be represented as

(3)

The radii of curvature of 48 microlenses (in a 6 8 array,
within an area of 800 1000 m ) from a single process run
are measured as shown in the histogram in Fig. 7. The average
radius of curvature is 41.4 m with a standard deviation of
1.05 m. The -number, #, or the inverse of the relative aper-
ture can be calculated as

# (4)

where is the diameter of the opening hole and is the focal
length as derived as

(5)

In the prototype demonstration, one side of the microlens is flat
and the refractive index of the PC material is 1.58 such that the
average focal length is 70.7 m and the average f/# is 0.88.

B. Experimental Demonstration

An optical system is setup for the experimental demonstra-
tion as shown in Fig. 8. The light source is a 623.8 nm He-Ne
laser. A single mode optical fiber is first aligned with the laser
beam by using a micromanipulator. The other end of the fiber
is aligned with one microlens with the help of a second micro-
manipulator. The microlens array is fixed on the chuck stage of
a probe station underneath a projection screen, which is aligned
with the microscope with the help of a third micromanipulator.
The distance between the microlens and the projection screen is
about 200 m. The focused image is then taken by a charge-cou-
pled device (CCD) camera via the objective lens on the probe
station. Fig. 9 shows the measured images and relative intensity
from the optical fiber with (left) and without (right) using the
microlens.

The intensity distribution of each case is converted from the
image by MATLAB [17]. The FWHM of each case is measured
from the relative intensity distribution with an original value of
300 m for the optical fiber and 110 m with the assistance of
the microlens.
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Fig. 7. Histogram of the radius of curvature of microlenses (80 �m in diameter) indicates good controllability of the micro-intrusion process.

Fig. 8. The schematic diagram of the focusing experiment using a He-Ne laser
and optical fiber.

IV. DISCUSSIONS

The above optical properties are measured from one set of
microlenses fabricated by a fixed combination of design and
processing parameters as described. On the other hand, sev-
eral other shapes of mold inserts including square and rectangle
openings have been fabricated and tested to produce microlens
arrays. For noncircular-shape openings, the top surfaces of the
intruded plastic structures have irregular geometries such that it
is difficult to characterize their optical properties For the fabri-
cated semi-spherical shape microlenses, the average # is 0.88
with an average focal length of 70.7 m, aperture of 80 m
when PC (the index of refraction of PC as 1.58) is used as the
plastic material. On the other hand, it is important to charac-
terize the radius of curvature of microlenses with respect to var-
ious micro intrusion conditions such as time, temperature and
pressure and to predict the limitation of this process. Silicon
mold inserts fabricated by a deep reactive ion etching process

have been utilized in the process characterization experiments
instead of LIGA nickel mold inserts because silicon mold in-
serts can be easily fabricated for various trials. Differing from
the experimental procedures used in the prototype fabrication
process, the applied pressure is remained constant throughout
the micro intrusion process in the silicon-mold-insert experi-
ments and the processing pressure, temperature and time are
recorded and characterized. The radius of curvature of the mi-
crolens is measured using an interferometer, Zygo Newview
5000 to obtain the surface profiles that are analyzed further
by using the curve-fitting method on MATLAB. The best-fitted
equation is used to calculate the curvature at each point and the
mean radius of curvature is calculated accordingly. To verify
the results from Zygo, one contour of the microlens surface is
recorded in MATLAB as shown in Fig. 10 by importing a side
view SEM image of a microlens. The lens surface appears to be
a circular shape and the contour of the microlens can be fitted
with an equation of a circle within 4% of variations across the
lens surface. In the worst-case situation, it is estimated that the
“deviation from spherical shape” is 300 nm among 95% of the
lens surface.

The effect of processing time is first characterized by keeping
the processing temperature at 180 C and processing pressure at
0.8 MPa. Fig. 11 shows the radius of curvature of microlenses
under various processing time periods in the micro intrusion
process on two sets of silicon holes of 100 m and 200 m
in diameter, respectively. These empirical data suggest that the
microlens radius of curvature decreases exponentially with time
and the following expression is derived from the empirical data
[18]:

(6)

where and are radius constants depending on the size of
opening and is the time constant related to the size and
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Fig. 9. Images and relative intensity from the optical fiber with (left) and without (right) the microlens (from the 80 �m in diameter mold insert). These images
are taken at the focal plane under an optical microscope by a CCD camera.

surface properties of openings and the material properties and
processing conditions of the polymer material. The values of

, and are found to be 82 m, 113 m and 15 min for
mold openings of 100 m in diameter; 146 m, 170 m and
10 min for mold openings of 200 m in diameter. In an analogy
to the second order dynamic system, Fig. 11 suggests that the
system is an over damped dynamic system and its settling time
is proportional to the damping ratio of the system such that the
intrusion process with smaller openings has longer settling time

to reach steady state [19]. Therefore, longer processing time
for smaller openings is suggested to assure that steady state is
reached to achieve the consistence of the fabrication process.

Investigation on the processing temperature is performed by
fixing the processing time at 55 min (steady state) and pro-
cessing pressure at 0.8 MPa. Fig. 12 shows the temperature de-
pendent radius of curvature of microlens from 170 C to 190 C.
A trend is observed that the radius of curvature reduces when the
processing temperature increases probably due to the decrease
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Fig. 10. The side-view SEM image (symbols) showing the top surface of the microlens (from the 80 �m in diameter mold insert) as compared with a circular
contour (solid line).

Fig. 11. Radius of curvature of microlens under various processing time periods in the micro-intrusion process.

of viscosity of polymer at higher temperature. The following
Arrhenius-type function is proposed to describe the tempera-
ture dependent radius of curvature as an analogy to the viscosity
changes with respect to temperature [18], [20]:

(7)

where is the universal gas constant (8.31 J/K mol) and
is the activation energy. The value of is experimentally
determined by the curve fitting method as 5.18 kJ/mol for both
mold openings of 100 and 200 m in diameter because the acti-
vation energy is a material related property that is independent
of processing conditions. However, may be different if

different material is used. and are constants depending
on the size of the mold opening. Empirical curve fitting shows

m, m for the microlenses made from
silicon openings of 100 m in diameter, and m,

m for the microlenses made from silicon openings
of 120 m in diameter. This equation can help to design the de-
sired radius of curvature of microlenses with the same size of
openings by adjusting processing temperature but the values of

, and will change when different mold inserts and
different materials are employed.

To investigate the effect of pressure variations with respect to
the radius of curvature, the processing temperature is fixed at
180 C and processing time is fixed at 55 min. Fig. 13 shows
the radius of curvature with respect to the pressure variations.
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Fig. 12. Radius of curvature of microlens under various processing temperature in the micro intrusion process

Fig. 13. Radius of curvature of microlens under different pressure in the micro-intrusion process.

The radius of curvature seems to remain the same with a varia-
tion of less than 5 m under various levels of applied pressure.
It can be concluded that pressure has little effect on the radius
of curvature of the microlenses. However, if the applied pres-
sure is too high, the top of the microlens may touch with the
silicon substrate and become a flat surface such that maximum
allowed pressure should be characterized for any specific intru-
sion process.

Another important parameter is the height of the microlens
(the full height of the spherical lens and the pillar base) and
its relationship with respect to the processing time, temperature
and pressure. The characterization results [18] are summarized.
First, it is found that the height of microlens reaches steady state
when the radius of curvature reaches steady state. Second, the
height of the microlens increases when the processing tempera-
ture increases and an Arrhenius function can be used to describe

the empirical data between the height and processing tempera-
ture. This result is similar to the characterizations of the radius of
curvature of the microlens with respect to temperature, although
different constants are extracted from the empirical data. Third,
a close to linear relation between the height and the applied pres-
sure is observed experimentally. The possible explanation is that
when steady state is reached, the higher applied pressure results
in more plastic material intruded into the mold insert and the
depth is the result for balancing the applied pressure.

The above characterization helps drawing the following
conclusions. It is possible to establish a stable micro-intrusion
process that will be conducted at an elevated temperature
(higher than the glass transition point of the polymer material)
for sufficient time to assure that steady state is reached. As a
result, the steady state radius of curvature and height of the
microlenses are achieved and arrays of microlenses can be
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fabricated with similar geometry and the standard deviation is
small. The radius of curvature of the microlens is dominated
by the processing temperature and the applied pressure has
little effect. On the other hand, the height of the microlens can
be controlled by the magnitude of the applied pressure and
a linear relationship is expected. However, higher processing
temperature will also result in the increase of the height of
the microlens. Although the trends of the general processing
parameters have been characterized, detail scientific investi-
gations on the formation of the microlens and the processing
conditions of the micro-intrusion process including possible
density variations within the microlenses and the effects to the
fluctuations in refractive index can be very challenging. These
may include analyzes on complicated viscous flow of polymer
material above the glass transition point in the micro scale,
material and surface properties of the polymer and mold insert
with respect to temperature variations and optical effects after
the completion of the intrusion process. Other important fac-
tors such as reproducibility, lens lifetime and lens aberrations
are also important and require further studies. The specific
lens dimension could be reproduced under strictly controlled
manufacturing conditions. Based on these experimental results,
the maximum and minimum radii of curvature of fabricated
microlenses are 280 and 90 m (the diameter of the openings
holes are from 100 to 200 m) and the # is between 1.37 to
2.41.

V. CONCLUSION

Microlens array fabricated by a micro-intrusion process has
been successfully demonstrated by using polycarbonate as
the processing material. This process provides and alternative
way to manufacture microlenses with naturally formed lens
surface. The fabricated microlens has a radius of curvature of

m under the standard intrusion process conditions
of 0.6 MPa and 170 C using a LIGA mold insert with the
hole opening diameter of 80 m. A series of experiments is
conducted to characterize the radius of curvature of microlenses
with respect to processing time, temperature and pressure. It
is found that intrusion processes with larger openings reach
steady state faster than those with smaller openings. Further-
more, temperature dependent viscosity plays an important
role in the micro-intrusion process to control the radius of
curvature of the microlens. Analytically, the concept of
(the activation energy) and Arrhenius-type relationship is used
for the first order approximation on the radius of curvature with
respect to temperature and the activation energy is found to be
5.18 KJ/mole experimentally for polycarbonate in silicon mold
insert. On the other hand, the effect of applied pressure on the
radius of curvature of microlens is minimal. Further research
is required to characterize the intrusion process analytically
and experimentally when a new mold insert or other polymer
materials are used to make microlenses.
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